We present a method to determine the stop mixing angle and its CP-violating phase at the LHC. As an observable we use ratios of branching ratios for different decay modes of the light stopt 1 to charginos and neutralinos. These observables can have a very strong dependence on the parameters of the stop sector. We discuss in detail the origin of these effects. Using various combinations of the ratios of branching ratios we show that, depending on the scenario, one can achieve accuracies in the range of a few percent for determining the light stop mass, the mixing angle and the CP phase.
Introduction
is often studied at the LHC. Taking the SPS1a ′ scenario as an example, a large number of stops and sbottoms will appear in the gluino decay chain. Both, however, can give a similar experimental signature and consequently one has to do a simultaneous analysis of sbottom and stop sectors. This leads to good constraints for the sbottom sector but the constraints on the stop mixing angle are much weaker [5, 17] . Another possible observable is the polarization of top quarks in the decayt 1 →χ 0 1 t. The information on the stop mixing angle can be extracted here from the forward-backward asymmetries in leptonic and hadronic top decays [18] .
In this paper we focus our attention on the decays of the light top squark to charginos and neutralinos that are possible in a wide range of scenarios of the Minimal Supersymmetric Standard Model (MSSM):t 1 →χ
The stop and sbottom decays have already been analyzed in the literature in some detail, including radiative corrections [19, 20, 21, 22, 23] . In this paper we propose a method to measure the properties of the stop sector using simultaneously the decays Eqs. (1) and (2) . We analyze three scenarios of the MSSM with different gaugino/higgsino composition of charginos and neutralinos. We show that the branching ratios for these decays can be a sensitive probe of the mixing angle in the stop sector and also of the CP-violating phase. We use a model-independent approach, i.e. without assuming a particular structure for the stop mass matrix, and parametrize the stop interactions in terms of the mixing parameters cos θt and φt. Since the absolute measurement of branching ratios is expected to be very difficult at the LHC we propose to exploit another set of observables -ratios of branching ratios, cf. Ref. [5, 17] . We argue that by looking at direct stop pair production and the following decays one can get a good accuracy for the determination of the mass and the mixing parameters of stops. We briefly discuss possible experimental issues for these processes. Finally, a χ 2 fit is performed to give a range for the expected parameter determination precision.
The paper is organized as follows. In Section 2 we give a brief overview of the mixing and the couplings of the stop, chargino and neutralino sectors of the MSSM. In Section 3 we give analytic expressions for the decay widths of the light stop into charginos and neutralinos and analyze their dependence on the stop mixing parameters in chosen scenarios. Section 4 explains in detail how to determine the stop mixing parameters using stop decays at the LHC for our benchmark models. Finally, we summarize our findings in Section 5.
In the MSSM, the mass matrix of the spin-1/2 partners of the charged gauge and charged Higgs bosons,W + andH + , takes the form
where M 2 is the SU(2) gaugino mass parameter. By reparametrization of the fields, M 2 can be taken real and positive, while the higgsino mass parameter µ can be complex, see Eq. (7).
Since the chargino mass matrix M C is not symmetric, two different unitary matrices are needed to diagonalize it
U and V matrices act on the left-and right-chiral ψ L,R = (W ,H) L,R two-component states
giving two mass eigenstatesχ 
Neutralino mixing
In the MSSM, the four neutralinosχ 
is built up by the fundamental SUSY parameters: the U(1) and SU(2) gaugino masses M 1 and M 2 , the higgsino mass parameter µ, and tan β = v 2 /v 1 (c β = cos β, s W = sin θ W etc.). In addition to the µ parameter, a non-trivial CP phase can also be attributed to the M 1 parameter:
Since the complex matrix M N is symmetric, one unitary matrix N is sufficient to rotate the gauge eigenstate basis (B,
2 ) to the mass eigenstate basis of the Majorana fieldsχ
The masses mχ0 
Couplings of stops to charginos and neutralinos
We now give explicit formulae for the couplings relevant for decays Eqs. (1) and (2) in the convention of Ref. [24] . In terms of two-component (Weyl) gauge eigenstates the coupling between stop, top and neutral gauginos/higgsinos is given by
where e = g 2 s W = g 1 c W ,
τ 3 is the SU(2) generator and τ 3 is the Pauli matrix. After electroweak symmetry breaking for the mass eigenstates t,t i andχ 0 j we get
where
with the top Yukawa coupling given by
We now see that the right squark couples only to the bino and the higgsino components of the neutralino. If the µ parameter is much larger than the gaugino mass parameters then the light charginoχ (22) and (23), left squarks couple both to the bino and the wino, however with the bino coupling suppressed by a factor 1/3 due to hypercharge. Therefore, having a prior knowledge on the composition of neutralinos we can infer the structure of the stop sector by comparing strength of the stop coupling to different neutralino states.
Let us turn now to the coupling between chargino, stop and bottom quark. The interaction Lagrangian in terms of gauge eigenstates reads in Weyl notation
After electroweak symmetry breaking and rotation of fields to their mass eigenstates we get
with the bottom Yukawa coupling given by
The right stop couples only to the higgsino component of the chargino via the Yukawa term in Eq. (28) , whereas the left stop couples both to the higgsino and the wino. When the light chargino is mainly wino-like the higgsino couplings are small and only the stopbottom-wino term becomes relevant. Therefore, similarly as for interactions with neutralinos, measurement of coupling strength to the light chargino can probe the left-right composition of the light stop.
3 Stop decays to charginos and neutralinos
Analytical formulae
We start this section by giving formulae for the decay widths of the top squarks into charginos and neutralinos [15, 23] . Using couplings defined in Sec. 2.4 the tree-level width for the decay Eq. (1) can be written as
with the kinematic triangle function
and the couplings Q ± ij given by Eqs. (27) , (28) . Substituting the explicit matrix elements of Eq. (9) we can make the following expansion in terms of the stop mixing angle and the phase Q ±,L 1j
We see explicitly that the dependence of the phase φt appears only if there is a significant higgsino component (U j2 or V j2 ) in the charginoχ + j we are interested in. Analogously, for decays to neutralinos we have [15, 23] Γ(t i →χ
with κ(x, y, z) given by Eq. (31) and couplings Q 0 ij by Eqs. (22) , (23) . Similarly we obtain 
If the given decay mode is close to its kinematic threshold (which will be the case for heavier neutralinos) the second term will become dominant, whereas far from the threshold the first term will usually be much larger.
Discussion of typical mixing scenarios
In order to analyze the dependence of the stop mixing angle on the decay widths and the branching ratios we consider three benchmark points of the MSSM. The first scenario is the well known mSUGRA inspired SPS1a ′ parameter point [4] -in the following we will refer to it as Scenario A. A feature of mSUGRA scenarios is that the charginos and the neutralinos are to a large extent pure gaugino/higgsino states: the lightest neutralino is bino-like, the light chargino and the second neutralino are winos, and the heavy chargino and the heavy neutralinos are higgsino-like. Scenarios B and C are adopted from Ref. [25] . In Scenario B the wino mass parameter M 2 and the higgsino mass parameter µ are of a similar order, giving strong mixing between the wino and the higgsino components of the charginos and the neutralinos. This makes the determination of θt more difficult since both left and right couplings of Eqs. (21) and (26) come into play for any value of cos θt. On the other hand this gives the possibility to study the dependence on the CP-violating phase φt, thanks to the last terms of Eqs. (32), (33), (35) and (36). Finally, Scenario C features the wino mass parameter two times larger than the µ parameter. In this case higgsino-like states will be lighter than winos with rather small mixing. In both cases, Scenarios B and C, the lightest supersymmetric particleχ Tables 2 and 3 .
We now discuss the behaviour of the decay widths and the branching ratios with respect to the stop mixing angle and the CP phase in each of the scenarios.
Scenario A -mSUGRA
According to the discussion in Sec. 2.4, for Scenario A we expect that if thet 1 is mainly a left stop (i.e. for cos θt = ±1) then it will dominantly couple toχ contributions from Eqs. (22), (23), (27) and (28) . On top of that, the decayt 1 →χ 0 2 t is further suppressed by the phase space, since mχ0 2 + m t = 355 GeV is only slightly lower than the light stop mass. As one can see, the decay widths change by an order of magnitude or more. Therefore they are a sensitive probe of the mixing between left and right stop states. The upper right panel of Fig. 1 shows the dependence of the branching ratios on cos θt that exhibit a similar behaviour as the decay widths.
Although Scenario A does not contain CP phases, we include them here to analyze the sensitivity of the decay widths and the branching ratios. The respective plots can be seen in the lower row of Fig. 1 . The most significant change is for the decay to a chargino and a bottom quark. This results from the third term of Eq. (32) that changes sign when varying φt from 0 to π giving destructive interference. Although the dependence on φt is clearly visible the constraints on this parameter, as we will see it later, will be rather weak. The last discussed scenario features the hierarchy M 1 < µ < M 2 . Therefore the light chargino and neutralinosχ A similar dependence of the decay widthsχ 0 2 t andχ 0 3 t on the sign of cos φt can be seen in the right panel of Fig. 3 . Its origin is the same as in the above discussed case for cos θt.
As before the change in the width of the decay toχ 4 Analysis at the LHC
Ratios of branching ratios
As one can see in Figs. 1, 2 and 3 , the decay widths can change by up to a few orders of magnitude depending on the stop mixing angle and the CP phase. In addition, the branching ratios are also very sensitive to these parameters. However since the measurement of decay widths and branching ratios will be difficult at the LHC we propose to analyze the ratios of branching ratios. That means comparing the number of stops decaying to one final state with the number of stops decaying to another final state. Having three decay modes possible we can define the following ratios of branching ratios for each of the Scenarios A, B and C
(37) Figure 4 shows the above ratios of branching ratios in Scenario A as functions of cos θt and the CP-violating phase φt. For Scenario B we have three additional combinations due to the decayt 1 →χ 
For Scenario C due to the decayt 1 →χ 0 3 t being allowed we have
Because of the higgsino nature of neutralinosχ 0 2 andχ 0 3 they are very close in mass and it might turn out that they are impossible to disentangle at the LHC. Therefore we define two additional ratios by combining the decay modes toχ In our analysis we focus on direct stop production pp →t 1t * 1 in order to have better control over the number of observed stops and to reduce the background due to bottom squarks. In the SPS1a ′ scenario the cross section for this process amounts to 3.44 pb at the next-toleading order [10, 27] , whereas the total SUSY cross section is 60 pb. The cross sections for stop pair production in Scenarios B and C are given in Tab. 3. Due to mass splitting between stop states the cross section for pp →t 2t * 2 is much smaller with a value of 0.26 pb. Similarly for sbottoms we get σ(pp →b 1b * 1 ) = 0.6 pb and σ(pp →b 2b * 2 ) = 0.4 pb. This gives a relatively clean environment for the observation of direct light stop pair production.
Possible final states are as follows:
pp →t 1t *
pp →t 1t * 1 →bχ
The production process itself can be tagged using a clean decay mode for one of the stops, for instance the decay toχ 0 2 t followed by a leptonic neutralino decay and hadronic top decay. For an integrated luminosity of L = 100 fb −1 we would have more than 300 000 stop pair production events. Assuming that on average 10% of charginos and neutralinos decay to leptons in our scenarios [26] , taking into account the hadronic top branching ratio and a selection efficiency of 5%, cf. Ref. [18] , one can expect more than 1000 stop events to be observed. Therefore in our further analysis we will assume that 1000 events have been correctly identified and show that even with this amount of experimental data one can still get strong constraints on the stop mixing angle and the mass. The other important point we wish to emphasize are the branching ratios for decays of the charginoχ have similar gaugino/higgsino composition), this is not true for the other ratios involving decays to the LSP. Because our focus here is on the stop sector we will assume that the leptonic branching ratios of the charginos and neutralinos are known. However as this would require better knowledge of the structure of the gaugino/higgsino sectors it is possible that the measurements from the LHC would have to be supplemented by the linear collider experiment, where charginos and neutralinos can be measured with a high precision. This would be an interesting example of LHC/ILC interplay [17] , in particular for the scenarios where direct stop production is beyond the kinematical reach of the ILC.
A large number of SUSY and SM backgrounds are expected for stop production at the LHC. The most severe Standard Model background, especially for the channels Eqs. (44)- (46), will be tt production. As shown in Ref. [18] , for the process Eq. (44) this background can be effectively removed by using appropriate cuts. In any case, the key feature to distinguish the signal from SM background will be missing transverse energy, which is much larger for stop production due to large energy carried by the LSPs.
The most important SUSY background process is going to be gluino production with subsequent decays to stops or sbottoms. One important difference between the signal and these backgrounds is the number of b-jets. The signal event always results in exactly 2 bjets, whereas SUSY backgrounds will typically have 4 b-jets and this feature can be used to suppress them.
Finally, we note that the signal process with leptonic top decay, e.g.χ 0 1 t → bℓ+E miss , can give the same final state as the decay mode with charginos, i.e.χ + 1 b → bℓ + E miss . However, we note that this complication does not affect the result of the fit since it does not introduce any new unknown parameters. The fitted observables would be a linear combination of the original ones, Eq. (37), and the fit would rely on the same set of information. Hence, one can combine the above channels and actually enhance the signal.
An important note is that it will not be sufficient to simply remove as much background as possible using the relevant cuts. We will also need to understand with a high degree of accuracy how each individual signal channel will be affected by the backgrounds. Understanding the background well is required, as for each channel we study, the number of background events contaminating the sample will be different. Therefore the pollution due to backgrounds will affect our ratios of branching ratios. The reconstruction efficiency, cuts and triggers will also have a different effect on each channel and will have to be well understood for our measurements to be accurate. We leave detailed analysis of these effects for our different final states and the additional uncertainties they may induce for future work.
Determination of stop mass and mixing angle
In order to show the possible advantages of using ratios of branching ratios for the analysis of the stop sector we first define the normalized ratios
where θ nominal t is the actual mixing angle in the given scenario and i, j run over all possible channels, i.e. 1b, 1t, 2t etc., cf. Eqs. (37)-(40) . According to this definition R i (cos θ nominal t ) ≡ 0. Furthermore, we assume that we have n = 1000 of well identified events of stopt 1t * 1 pair production. We now take the expected number of events in each decay mode n i = n × BR i . Note that 1 = n i only if decays to charginos and neutralinos are the only possible decay channels. However, for our method it is not necessary to measure all possible decay modes. The statistical error for n i is ∆ stat n i = √ n i . The resulting error for ratios of branching ratios is given by
Before analyzing the expected accuracy of determination of stop sector parameters let us study the possible influence of the gaugino/higgsino sector parameters, taking as an example Scenario A. The precise knowledge of the LSP mass and the mixing angles of the charginos and the neutralinos may only be accessible after the results from a linear e + e − collider are available. In Fig. 5 we show the dependence of the normalized ratios Eq. (37) on the gaugino mass parameter M 2 and the mass of the LSP, m LSP ≡ mχ0
1
. In the first case we keep the mass differences mχ0 . Using only one of three possible ratios, the smallest error and hence the best estimate we get is using the ratio R Having at hand three possible decay modes we can constrain not only the mixing angle cos θt but also the mass of the light stop quark and the CP-violating phase φt. This can be done using a χ 2 fit defined as follows
where the error is defined by Eq. (48) and the sum runs over the respective ratios for each of the scenarios, e.g. {i, j} = {{1b, 1t}, {1b, 2t}, {1t, 2t}} in Scenario A, cf. Eqs (37)-(40). The results of fitting the stop mass mt 1 and the mixing angle cos θt in Scenario A are shown in the left panel of Fig. 7 . We find two minima of χ 2 that fit the input data well. In order to resolve the two-fold ambiguity, additional observables will be needed. Assuming that we can pin down the correct solution we get the following 1-σ estimate of the two parameters we show the results of the χ 2 fit to the mixing angle and the phase φt. As expected, the sensitivity to the CP phase is poor and taking into account the possible ambiguity in the mixing angle cos θt, the full range of phases remains allowed.
The situation changes for Scenarios B and C. We now have 6 possible ratios in each case, for Scenario B:
, and for Scenario C:
3t . The results of the fit for n = 1000 events have been shown in Figs. 8 and 9. We again consider two cases: fitting of the mass mt together with the mixing angle cos θt and fitting of the mixing angle together with the CP-violating phase. In each case we assume that the value of the third parameter is known. Charginos and neutralinos now have a significant higgsino component and, as we saw in Figs. 2 and 3 , the dependence on the mixing angle is much weaker. Therefore the constraints for the mixing angle and the mass that we get are not as good as in the case of Scenario A. It is interesting to note that in general the results of the fit are better in Scenarios A and C (gaugino and higgsino, respectively) than in Scenario B (mixed case). Consequently we conclude that the scenario with strong mixing between gauginos and higgsinos would be the most difficult to resolve.
Analyzing both the mixing angle and the phase, we obtain four allowed regions. Nevertheless only small regions are allowed for the CP phase as our observables are more sensitive to it than in Scenario A. Branching ratios are CP-even observables, therefore they cannot resolve ambiguities for the CP phase. This shows that for precise measurements in the stop sector one has to use other CP-sensitive observables, like triple products of momenta [25, 29] .
Only such a combined analysis of CP-even and CP-odd observables can give an unambiguous determination of the stop sector parameters.
Finally we discuss the results in Scenario C when combining decay modesχ Fig. 10 we show the fit to the stop mass and the mixing angle (left panel), and to the mixing angle and the CP phase (right panel). It turns out that we lose sensitivity to the elements of the stop mixing matrix. In such a case additional input, for example from linear collider, would be needed in order to resolve properties of the stop sector.
Conclusions
In this paper we have analyzed the stop sector of the Minimal Supersymmetric Standard Model. In particular, we have looked at the couplings and the decays of the supersymmetric top partners to the charginos and the neutralinos. As stops play an important role in the MSSM, it is crucial to measure their couplings and masses at future colliders in order to understand the underlying model. Therefore we have proposed a promising method for the determination of the stop sector parameters at the LHC. A careful analysis of the couplings of scalar tops to electroweak gauginos and higgsinos shows a strong dependence on the mixing angle and the CP-violating phase of the stop sector. This effect arises due to the structure of the electroweak gauge couplings and the Yukawa couplings of left and right stop states. We have analyzed three benchmark scenarios with different structures for the gaugino and higgsino sectors, where the light charginos and neutralinos had gaugino-like, higgsino-like or mixed composition. Analysis of the decay widths and the branching ratios has shown a strong relation between the stop mixing parameters and the decay pattern in each of the scenarios.
Next, we have discussed a possible approach to determine the light stop mass, the mixing angle and the CP-violating phase at the Large Hadron Collider. Since stops will be produced in large numbers at this machine one can hope to learn the stop properties from their decay pattern. As the branching ratios are going to be difficult to be measured at the LHC we propose to analyze the ratios of branching ratios for different decay modes. These observables inherit a strong dependence on the mixing angle from stop decay widths and therefore can be a sensitive probe of the stop sector. Since they rely only on the relative numbers of stops decaying via various channels, many experimental uncertainties will cancel. In particular, one does not need to control all of the possible decay modes. In fact, as we have shown for the SPS1a ′ parameter point, using only two decay modes can give good constraints on the stop mixing angle. Finally we have performed χ 2 fits to show that the ratios of branching ratios can give strong bounds on the parameters of the stop sector: the mass oft 1 , the stop mixing angle cos θt and the CP-violating phase φt. The expected accuracy depends upon the scenario studied but looks the most promising for mSUGRA models. Application of this method will require the study of many possible final states. Therefore a good control of detector effects, like fake rates for leptons and b-jets, and SM as well as SUSY backgrounds will be needed. It is clear that more detailed experimental studies are needed to assess the validity of the method and its possible accuracy. However, taking into account the importance of the stop sector for our understanding of the supersymmetric model, we think that such a study deserves further attention.
